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E-mail address: avolchuk@uhnres.utoronto.ca (A. VThe p24 protein family have multiple functions in protein transport in the early secretory pathway.
In this study we examined the role of p24 proteins in insulin transport. Several members were
detected in insulinoma cell lines and rat islets and expression levels positively correlated with insu-
lin abundance, particularly for p24d1 and p24b1. Knocking down p24d1 in insulinoma cell lines,
which also resulted in the concomitant knock-down of other family members, impaired glucose-
stimulated insulin secretion, decreased total cellular insulin content and reduced proinsulin biosyn-
thesis. There was no effect on overall protein biosynthesis or ER stress. These results suggest that
p24d1 and possibly other p24 family proteins are required for normal insulin biosynthesis and sub-
sequent secretion in pancreatic b-cells.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Insulin biosynthesis in pancreatic b-cells occurs at the endo-
plasmic reticulum (ER) membrane where the newly synthesized
preproinsulin molecule is translocated into the ER lumen. The sig-
nal peptide is cleaved and the proinsulin polypeptide is folded and
three disulﬁde bonds are added, catalyzed by oxidoreductase en-
zymes residing in the ER [1]. Once correctly folded the molecule
exits the ER and is further processed in the trans-Golgi and sorted
into dense-core storage granules.
Secretory proteins exit from the ER occurs via coat protein II (CO-
PII) vesicles that incorporate cargo molecules for transport to the
intermediate compartment and/or Golgi. Packaging into these vesi-
cles can occur by bulk ﬂow at the prevailing concentration in the ER,
or proteins (both membrane and soluble) can be sorted into COPII
vesicles [2]. It is unclear whether proinsulin is concentrated in vesi-
cles that bud from the ER or exits the ER by bulk ﬂowat its prevailing
concentration in the ER. Several proteins have been identiﬁed thatchemical Societies. Published by E
OP, coat proteins; ER, endo-
SF, phenylmethylsulphonyl
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olchuk).may act as sorting receptors for capturing cargo into COPII vesicles,
including components of the COPII coat, SNARE proteins that are
incorporated into COPII vesicles and putative cargo receptor pro-
teins such as ERGIC53 and the p24 family of proteins [2].
Previously published studies have shown that somemembers of
the p24 family are abundantly expressed in secretory cell types such
as exocrine and endocrine cells [3,4]. The p24 family of proteins in
mammals consists of at least 10 members [5], although most of the
studies have focused on six of these; p24d1 (p23/tmp21), p24b1
(p24/p24a), p24a2 (p25), p24c4 (p26/p24b), p24c3 (p27), and
p24c1 (tp24). Thep24proteins are found inbothCOPII andCOPI ves-
icles and cycle between compartments in the early secretory path-
way [6–12]. Some studies have shown that the p24 family are
required for the efﬁcient transport of various secretory proteins in
yeast,Xenopus laevismelanotrope cells and inDrosophilamelanogas-
ter [13–15]. In addition, thep24proteinsmaybe involved in ERqual-
ity control of certain secretory proteins by preventing misfolded or
aberrant proteins from exiting the ER [16,17].
In this study we examined the expression of various p24 fam-
ily members in pancreatic b-cells and the potential function of
these proteins in insulin transport. Knocking down p24d1, which
also lead to the concomitant knock-down of other family mem-
bers, impaired glucose-stimulated insulin secretion and proinsu-
lin biosynthesis revealing a novel role for these proteins in
pancreatic b-cells.lsevier B.V. All rights reserved.
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2.1. Cell culture
Rat INS-1 [18] and INS-1E [19] cell lines were obtained from Dr.
C. Wollheim (University of Geneva) and rat INS-1 832/13 [20] were
obtained from Dr. C. Newgard (Duke University). Pancreatic b-cell
lines were cultured and maintained as described in the above ref-
erences. MIN6 cells were obtained from Dr. Michael Wheeler (Uni-
versity of Toronto) and cultured as described previously [21].
2.2. Rat islet isolation
Islets were isolated from male Wistar rats weighing 280–
320 g by collagenase digestion followed by Ficoll gradient separa-
tion as reported previously [22]. Animals were housed and anes-
thetized following protocols approved by the animal use
committee at the University Health Network. Isolated rat islets
were lysed in 1% Triton X-100, 100 mM NaCl, 0.2% sodium deoxy-
cholate, 0.1% SDS, 10 mM EDTA, 25 mM Tris, pH 7.4, supplemented
with 0.5 mM phenylmethylsulphonyl ﬂuoride (PMSF) and Roche
protease inhibitor tablet.
2.3. siRNA transfection, 35[S]-methione/cysteine labeling and insulin
immunoprecipitation
Chemically synthesized short interfering RNAs (siRNAs) direc-
ted against rat/mouse p24d1 (GACUUUGCCUACAUGAAGATT) and
green ﬂuorescent protein (CAAGCUGACCCUGAAGUUCTT), were
provided by Dr. Ouathek Ouerfelli (Sloan-Kettering Institute, New
York). The siRNAs were transfected into cells using Lipofectamine
RNAiMax as described previously [23]. Insulinoma cells were
transfected with reagent only, p24d1 or GFP siRNA for 72 h. The
cells were then incubated in RPMI 1640 media without glucose
for 1 h. Cells were washed in PBS and incubated with 25 mM glu-
cose in the presence of 100 lCi/0.5 ml/well [35S]-methionine/cys-
teine (Easytag Express Protein Labeling Mix; Perkin Elmer
NEG772002MC) in methionine and cysteine-free and serum-free
DMEM media for 15 and 60 min at 37 C. At the indicated time
points, the culture media were collected and cells were lysed in
ice-cold lysis buffer (1% Triton X-100, 100 mM KCl, 20 mM HEPES,
2 mM EDTA, pH 7.4, supplemented with 1 mM PMSF and Roche
protease inhibitor tablet) for 30 min at 4 C. Protein concentration
in the lysates was measured by BCA assay. Total protein from the
culture media was precipitated with trichloroacetic acid (9% ﬁnal
concentration) for 10 min on ice and washed with acetone. The
precipitates were resuspended directly in NuPage LDS sample buf-
fer (Invitrogen) and protein was resolved by 4–12% Nupage gels
(Invitrogen). The gel was dried and exposed to a Molecular Dynam-
ics phosphor screen and scanned using PhosphorImager (Molecu-
lar Dynamics, Sunnyvale, CA).
For immunoprecipitation experiments, the cells were transfec-
ted and labeled for 30 min with [35S]-methionine/cysteine as de-
scribed above. The cells were subsequently washed with PBS and
lysed in ice-cold lysis buffer (1% Triton X-100, 100 mM NaCl, 0.2%
sodium deoxycholate, 0.1% SDS, 10 mM EDTA, 25 mM Tris, pH
7.4. supplemented with 0.5 mM PMSF and Roche protease inhibitor
tablet) (0.25 ml/well) for 30 min at 4 C. Lysates were centrifuged
at 13 000 rpm for 10 min at 4 C and protein concentration in the
supernatant was measured. For the immunoprecipitation 20 lg
rabbit polyclonal anti-insulin antibody (Santa Cruz Biotechnology)
was added to 150 lg of lysate at 4 C overnight with rotation. Pro-
tein A Dynabeads (Invitrogen) was added (25 ll/immunoprecipita-
tion) and incubated for 2 h at 4 C. The unbound supernatant
fractions were removed and the pellets were washed three timeswith 0.5 ml lysis buffer for 5 min each at 4 C, then resuspended di-
rectly in NuPage LDS sample buffer. Pellet and supernatant frac-
tions were resolved by NuPage gels as described above.
2.4. Insulin secretion assays
Following siRNA transfection insulin secretion and content as-
says (Fig. 2) were performed and insulin levels measured by radio-
immunoassay (Linco Inc.) as described previously [24].
2.5. 3H-Leucine incorporation into total cellular protein
Following siRNA transfection cells were labeled for 2 h with
25 lCi/ml 3H-leucine (Perkin Elmer) in serum-free media and
incorporation into cellular protein measured as described previ-
ously [25].
2.6. XBP-1 splicing detection
Following siRNA transfection total RNA was isolated using Tri-
zol reagent (Invitrogen) and measurement of XBP-1 splicing was
performed as described previously [21].
2.7. Western blotting and antibodies
Equivalent protein amounts were resolved by SDS–PAGE and
transferred to Hybond nitrocellulose membranes (GE Healthcare).
The rabbit polyclonal antibodies to p24d1 (p23), p24b1 (p24),
p24a2 (p25) and p24c3 (p27) were obtained from Dr. Felix Wie-
land (University of Heidelberg) and are described in reference
[26]. Additional antibodies used: anti-KDEL (SPA-827, Stressgen),
anti-c-tubulin (Sigma–Aldrich); anti-insulin rabbit polyclonal H-
86 (Santa Cruz Biotechnology, SC-9168); polyclonal guinea pig
anti-porcine insulin, (Dako, A0564). Anti-mouse, anti-rabbit and
anti-goat HRP conjugated secondary antibodies were used as re-
quired and the protein bands were detected by ECL (GE Health-
care). Immunoblots were scanned and band intensities analyzed
using Scion Image software.
2.8. Statistical analysis
The results are expressed as means ± S.E. Statistical signiﬁcance
was assessed by Student’s t-test (P < 0.05 was considered
signiﬁcant).
3. Results
3.1. p24 family members are expressed in insulinoma cell lines and rat
islets
We examined protein expression of several members of the p24
family in lysates from pancreatic b-cell lines and rat islets. As
shown in Fig. 1A, p24d1, p24b1, p24a2 and p24c3, one member
from each subfamily of p24 proteins, were detected in the com-
monly studied rat INS-1 and mouse MIN6 pancreatic b-cell lines.
The levels of p24d1, p24b1 and p24a2 were higher in the mouse
cell line. The increased expression of these isoforms in MIN6 cells
correlated with the higher expression of insulin in this cell line. It is
possible that the antibodies have different afﬁnities between rat
and mouse proteins. We therefore examined expression of the
p24 family members in two distinct INS-1 clones with differential
insulin expression (Fig. 1B). Indeed, both p24d1 and p24b1 were
expressed at higher levels in the clone with higher insulin expres-
sion, although p24a2 and p24c3 were expressed at higher levels in
this clone also.
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Fig. 1. Analysis of p24 family protein expression in insulinoma cell lines and rodent islets. (A) Rat INS-1, mouse MIN6 cell lysates (10 lg protein) and puriﬁed Golgi
membranes from CHO cells (5 lg) were immunoblotted for the indicated proteins. Two separate passages of the cell lines are shown. (B) Rat INS-1 cells were transfected with
an antibiotic resistance plasmid (pCI-neo) and stable clones were isolated. Shown are two INS-1 clones with differential insulin expression immunoblotted with anti-p24
protein antibodies. (C) INS-1 cells, MIN6 cells or puriﬁed rat islets were untreated (Con) or treated with tunicamycin (Tun; 2 lg/ml) for 16 h. The cells or islets were lysed as
described in Section 2 and 10 lg of protein was immunoblotted for the indicated proteins.
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lated rat islets which express far higher insulin levels compared
to cultured insulinoma cell lines [27] (Fig. 1C). Both p24d1 and
p24b1 were very abundant in rat islets compared to the cell lines,
whereas expression of p24a2 was similar in cell lines and islets. In
these experiments we also treated cells with the ER stress-induc-
ing drug tunicamycin, to examine whether these proteins are in-
duced by ER stress or are modiﬁed by N-linked glycosylation.
There was no effect of tunicamycin on p24d1 or p24b1 expression
or band pattern, but a lower migrating band was detected for
p24a2, suggesting that this isoformmay be glycosylated in pancre-
atic cell lines as has been reported previously in other cell types
[7]. This isoform also appeared to be increased by tunicamycin in
islets, possibly as part of the ER stress response.
3.2. p24 proteins are required for insulin biosynthesis in pancreatic b-
cells
Given that p24d1 in particular is correlated with insulin expres-
sion we examined the potential role of this protein in insulin secre-
tion and content. Using an siRNA speciﬁc for the p24d1 sequence
we were able to knock-down p24d1 expression by 60% in the glu-
cose response insulinoma cell line INS-1 832/13 [20] (Fig. 2A and
B). Interestingly, knocking down p24d1 also reduced the endoge-
nous levels of both p24b1 and p24a2.
We next examined the effect of knocking down p24 family pro-
teins on glucose-stimulated insulin secretion. As shown in Fig. 2C
the siRNA directed to p24d1 signiﬁcantly reduced glucose-stimu-lated insulin secretion, with no effect on basal secretion. Surpris-
ingly, when measuring total cellular insulin content in these
experiments we found that total cellular insulin levels were re-
duced in cells treated with the siRNA to p24d1 (Fig. 2D). Thus,
p24d1 (and potentially other p24 family members) is required for
maintaining normal insulin content in these cells.
To examine if p24d1 is required for insulin biosynthesis, we la-
beled newly synthesized proteins with 35[S]-methione/cysteine in
control INS-1E cells and cells treated with p24d1 siRNA, followed
by insulin immunoprecipitation. As shown in Fig. 3A and B, the
amount of newly synthesized proinsulin after a 30 min labeling
period was signiﬁcantly reduced (>50%) in p24d1 siRNA-treated
cells compared to control transfected cells, thus demonstrating
that these proteins are required for normal proinsulin biosynthesis.
Knocking down p24d1 (and other p24 family members) did not af-
fect global protein synthesis. Incorporation of 35[S]-methione/cys-
teine into newly synthesized proteins after 15 or 60 min of
labeling was similar (Fig. 3C) and incorporation of 3H-leucine into
total cellular protein following a 2 h labeling period was also not
affected, while thapsigargin-treatment inhibited incorporation as
expected (Fig. 3E). Interestingly, when examining the media of
35[S]-methione/cysteine labeled cells we noticed that the secretion
of some, but not all proteins, was reduced (Fig. 4C, asterisks in right
panel). Thus, in addition to being required for proinsulin biosyn-
thesis, the p24 proteins may be required for efﬁcient secretion of
certain secretory proteins in pancreatic b-cells. Similar results
were observed using the MIN6 pancreatic b-cell line (results not
shown). The effect of p24d1 knock-down on proinsulin biosynthe-
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Fig. 2. p24d1 knock-down reduces expression of other p24 family members and reduces glucose-stimulated insulin secretion and insulin content in INS-1 832/13 cells. INS-1
832/13 cells were treated with transfection reagent (Lipo; lipofectamine), or with siRNAs directed to p24d1 or GFP for 72 h. The cells were washed and incubated with 2.8 mM
or 16.7 mM glucose for 1 h. (A) The cells were lysed and 10 lg of cell lysates were immunoblotted for the indicated proteins. (B) The levels of p24d1 protein expression was
quantiﬁed by gel densitometry and the results are expressed relative to lipofectamine only control (2.8 mM glucose). (C) The culture media was collected and insulin secreted
in the media was measured by radioimmunoassay (Linco, Inc.). (D) Total insulin content in the cell lysates was measured by radioimmunoassay. Results shown are the
mean ± S.E. from three independent experiments. *P < 0.05; Students t-test.
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biosynthesis (Fig. 3C and E), nor the biosynthesis of the ER chaper-
one proteins GRP78 and GRP94 (Fig. 3D).
Since insulin is one of the main secretory proteins produced
by pancreatic b-cells, it is possible the depletion of p24d1 (and
concomitantly other p24 family members) induces some ER
stress, which may cause the reduced proinsulin biosynthesis
we observe. However, knock-down of p24d1 had no effect on
the levels of the ER stress-inducible proteins GRP78 and
GRP94, nor was there any difference in the levels of phosphory-
lated eIF2a (Fig. 4A). Furthermore, spliced XBP-1 mRNA, an indi-
cator of IRE1a activity and a good marker of ER stress [28], was
not detected in p24d1 knock-down or control cells (Fig. 4B).
Thus, ER stress is unlikely to be the cause of the reduced proin-
sulin biosynthesis observed in cells depleted of p24d1 and other
p24 family members.
4. Discussion
In this study we examined the expression and potential role of
p24 proteins in pancreatic b-cells. The p24d1 and p24b1 isoforms
were particularly abundant in primary rat islets and expression
correlated with insulin levels in cultured cell lines. These observa-
tions are consistent with previous reports showing that p24 family
members, and p24d1 in particular, are abundant in pancreas endo-
crine cells, including pancreatic b-cells and likely have important
functions in this cell type [3,4].In this study we examined the potential role of p24d1 in insulin
secretion and production, since this is the main function of this
highly specialized cell type. Interestingly, an siRNA speciﬁc for
p24d1 that efﬁciently knocked-down this p24 family isoform also
resulted in concomitant depletion of p24b1 and p24a2 protein lev-
els. This result is consistent with previous studies where a single
p24member has been deleted or knocked-down, which leads to re-
duced expression of other family members [16,29–31] and likely
reﬂects the fact that the p24 proteins form and function as het-
ero-oligomeric complexes [26,32]. Knocking down p24d1 (and con-
comitantly other p24 family members) in INS-1 832/13 cells, a
glucose response b-cell line [27], caused a small but signiﬁcant
reduction in glucose-stimulated insulin secretion, but not secretion
at basal glucose levels. This observation was somewhat surprising
since reducing proinsulin transport efﬁciency out of the ER would
not be expected to impact a static 1 h secretion assay. Surprisingly
however, knock-down p24d1 (and concomitantly other p24 family
members) also led to a reduced total cellular insulin content, which
likely explains the reduced insulin secretion. Indeed, when proin-
sulin biosynthesis was measured, the incorporation of 35[S]-methi-
one/cysteine was signiﬁcantly blunted compared to control
transfected cells (Fig. 3). Thus, it appears that p24d1 (and possibly
other p24 members) are required for normal insulin biosynthesis
in pancreatic b-cells. It remains unclear which of the isoforms is
important in this regard, but we speculate that perhaps p24d1 is
likely to have a prominent role given its correlation with insulin
expression (Fig. 1) and abundance in b-cells [4].
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depletion on amyloid precursor protein (APP) biosynthesis in N2a
neuroblastoma and Hela cells [16,29]. In these studies siRNA-med-
iated depletion of p24d1, which also concomitantly reduced addi-
tional p24 family members (p24b1, p24a2, p24c1), increased the
production and secretion of APP. Knocking down p24 protein levels
increased biosynthetic stability of nascent APP that lead to more
efﬁcient maturation and surface accumulation [16]. Thus, the func-
tion of this multitasking protein family, which has been implicated
in regulation of COP vesicle budding, ER quality control, COP vesi-
cle cargo receptor and maintaining organization of the Golgi appa-
ratus [14], may be cell type dependent and related to the speciﬁc
secretory cargo proteins produced by cells. In the context of the
pancreatic b-cell our results suggest that p24d1 (and possibly other
family members) is intimately required for proinsulin biosynthesis.We did not observe a major effect on overall protein synthesis in
p24d1 protein knock-down cells, which is similar to ﬁndings by
Vetrivel et al. [16] in neuroblastoma cells and suggest that the ef-
fect we observe on proinsulin biosynthesis is speciﬁc to some de-
gree. We found that some, but not all, proteins secreted into the
media after a 1 h 35[S]-methione/cycteine pulse were less efﬁ-
ciently secreted in p24d1 protein knock-down cells, indicating that
p24d1 (and possibly other family members) are likely required for
the efﬁcient export of certain secretory proteins. A recent morpho-
logical study has shown that p24d1 is localized to the ER, interme-
diate compartment and Golgi, as well as on insulin granules in
primary rat b-cells [4]. Thus, it is possible that p24d1 may have
other functions related to insulin transport, in addition to a
requirement in the biosynthesis of the molecule we have uncov-
ered in this study.
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maintain proinsulin biosynthesis and which isoforms are required?
At this point these questions are unresolved. It is possible that
these proteins interact with insulin during its biosynthesis in the
ER and assists in the complex folding reaction of the molecule
[1]. Alternatively, p24 family members may be required for the re-
trieval of proteins that escape the ER that are required for efﬁcient
insulin biosynthesis. It is also possible that the p24 proteins main-
tain an optimal ER membrane environment since they have been
shown to regulate membrane composition or dynamics, which
may impact synthesis of certain proteins [33]. Since it appears that
total protein synthesis is not dramatically affected in p24d1 knock-
down cells, this effect would have to be speciﬁc for insulin. Future
studies examining proinsulin biosynthesis in vitro may elucidate
the mechanism of p24d1 (and other p24 members) function in pro-
insulin biosynthesis.
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